During 2006, H5N1 HPAI caused an epizootic in wild birds, resulting in a die-off of Laridae in the Novosibirsk region at Chany Lake. In the present study, we infected common gulls (Larus canus) with a high dose of the H5N1 HPAI virus isolated from a common gull to determine if severe disease could be induced over the 28 day experimental period. Moderate clinical signs including diarrhea, conjunctivitis, respiratory distress and neurological signs were observed in virus-inoculated birds, and 50% died. The most common microscopic lesions observed were necrosis of the pancreas, mild encephalitis, mild myocarditis, liver parenchymal hemorrhages, lymphocytic hepatitis, parabronchi lumen hemorrhages and interstitial pneumonia. High viral titers were shed from the oropharyngeal route and virus was still detected in one bird at 25 days after infection. In the cloaca, the virus was detected sporadically in lower titers. The virus was transmitted to direct contact gulls. Thus, infected gulls can pose a significant risk of H5N1 HPAIV transmission to other wild migratory waterfowl and pose a risk to more susceptible poultry species. These findings have important implications regarding the mode of transmission and potential risks of H5N1 HPAI spread by gulls.
Introduction
Influenza A virus infections are a significant problem affecting the health of domestic animals and public health [2, 9] . The genetic diversity of avian influenza viruses (AIV) is maintained by their circulation in wild aquatic birds. The highest prevalence of the 16 haemagglutinin (H1-H16) and nine neuraminidase (N1-N9) subtypes was observed in Anseriformes (geese, ducks and swans) and Charadriiformes (gulls, terns and shorebirds) [23] . Many of these species are highly migratory and can transport AIV, including certain highly pathogenic avian influenza viruses (HPAIV) such as H5N1, over long distances, possibly between continents. These viruses, including strains with pandemic potential [16, 17] , are occasionally transmitted to other species such as domestic poultry and mammals [37, 40] . During 2003-2015, outbreaks of the H5N1 HPAI virus were reported among different types of wild and domestic birds. Despite intensive control, H5N1 HPAI continues to cause major economic problems in affected countries, especially in South-East Asian countries and China.
Millions of infected domestic and wild birds have died or been culled throughout the world [23, 31] . It should be noted that H5N1 HPAI in gulls Laridae has been reported in different countries [2, 7, 16, 19, 20, 22, 26, 30] . In addition, this strain is considered to be potentially pandemic for humans. Since 2003, the number human cases of avian influenza A (H5N1) reported from 15 countries worldwide is 850, 449 of which were fatal (as of 4 April 2016) [38] .
Although multiple experimental trials have been conducted with low pathogenic avian influenza (LPAI) and HPAI viruses in wild birds, most of these have used mallards (Anas platyrhynchos domesticus) and other mallard-type domestic ducks as experimental models [3, 4, 14, 21, 28, 33] . However, the results obtained for mallards cannot be extrapolated to all Anseriformes or any Charadriiformes species. Nevertheless, few experimental studies of Charadriiformes species have been reported [3] [4] [5] 10, 11, 13, 24] . Moreover, the information about susceptibility and viral shedding of AIVs in different host species is very important for understanding virus transmission and maintenance in the wild bird reservoir. It can be used for optimization of sampling methods during the AIV surveillance [7, 9, 12] .
A H5N1 HPAIV, A/common gull/Chany/P/2006 (the intravenous pathogenicity index = 1.7) was isolated from a clinically healthy common gull in Russia in 2006 [27] . Because the common gull (Larus canus) is one of the most numerous species of gulls in Eurasia and has extended habitats, we were interested in better understanding the infectious process in this species.
In the present study we infected common gulls with a higher dose of the same virus we used in our previous study [40] to see if infection accompanied by more severe disease could be induced. We then determined the morbidity, mortality, levels of virus shedding, virus distribution in tissues, microscopic lesions, and transmission to susceptible birds during 28 days after experimental H5N1 HPAIV infection. The results presented herein have important implications regarding mode of transmission and potential risks of H5N1 HPAI spread by gulls.
Materials and Methods

Virus
The Asian lineage (clade 2.2) H5N1 HPAI virus, A/common gull/Chany/P/2006 H5N1 used in this study was obtained from the virus repository at the State Research Center of Virology and Biotechnology, Vector (SRC VB Vector), Federal Service on Customers' Rights Protection and Human Well-being Surveillance, Koltsovo, Novosibirsk region, Russian Federation. Stocks of virus strain were prepared by the second passage in 9-day-old embryonated chicken eggs (ECE) using standard procedures [32, 39] . Allantoic fluid from the infected eggs was diluted in phosphate-buffered saline to yield a final titer of 10 7 median egg infectious doses (EID 50 ) per mL.
Ethics statement
All activities associated with this study were conducted in accordance with all applicable laws in Russian Federation and the International Guiding Principles for Biomedical Research Involving Animals were followed. All birds used in this study were cared for in accordance with the guidelines approved by the Committee on Biomedical Ethics Research Center of Clinical and Experimental Medicine, Siberian Division of the Russian Academy of Medical Sciences, Novosibirsk (protocol No. 25 from 19.11.2012) and the Use Committee at SRC VB Vector.
Birds
Thirty three common gulls (Larus canus) were used in this study. One to 2-day-old nestling gulls were hand-caught in the Chany Lake region (Novosibirsk region, Russian Federation) with the assistance of personnel of the Institute of Systematics and Ecology of Animals. When they were 6-weeks-old, gulls were transported to the Biosafety Level 3 vivarium facilities at the SRC VB Vector for further experiments. All experiments with live viruses were performed in the State Research Center of Virology and Biotechnology certified Biosafety Level 3. Gulls were kept in separate cages and fed ad libitum.
Oropharyngeal and cloacal swabs were collected from each bird before infection to ensure they were not actively infected and shedding avian influenza virus at the start of the study. The absence of AIV was confirmed by real-time reverse transcription polymerase chain reaction (RT-PCR). In addition, pre-infection serum was collected from each bird to confirm by the haemagglutination inhibition test that they were serologically negative to the avian influenza In accordance with Ethics statement, birds that showed severe clinical symptoms including neurological signs (muscle tremors, turning on the side), severe weight loss, debilitating diarrhea, and bleeding, were euthanized and counted as dead the next day. All birds were euthanized by cervical dislocation.
Experimental design
We divided 31 gulls into three groups (A, B, C). In addition, two gulls served as negative non-inoculated controls (housed separately). Additionally, 10 chickens (group D) were used for positive control of H5N1 infection and two chickens were used as negative non-inoculated controls (housed separately).
All birds except group C were infected with 10 7 EID 50 per mL/bird dose of A/common gull/Chany/2006 H5N1 HPAI virus applied via mucosa of the nose, oropharynx, and conjunctiva.
Group A: 12 inoculated common gulls were housed in a separate cage for sampling. Cloacal and tracheal swabs were taken on day 2, 4, 6, 8, and 14 after inoculation. Sera were taken on day 7, 14, 21, and 28 post inoculation. Sera from euthanized birds were also collected. All birds were monitored daily for clinical signs of disease or death during 28 days post inoculation. Oropharyngeal and cloacal swabs were taken in 1 mL transport medium with antibiotics. Samples were also taken from bird bath water for real-time RT-PCR analysis during first 7 days post infection of the main bird group A.
Group B: 16 inoculated common gulls were housed in a separate cage for collection of organs. Three gulls were euthanized and sampled at 2, 4, 6, 8, and 14 days post inoculation to evaluate histological lesions and virus presence in the cerebrum, cerebellum, lung, liver, heart, intestine, trachea, and pancreas. On each sampling day, we selected birds that showed the most severe signs of disease.
Group C: On 4 days post inoculation (DPI), three naive common gulls were added into the cage in which the infected gulls of group A were housed. The birds had contact opportunities with shared water, feed, and litter. Oropharyngeal and cloacal swabs of these gulls since the first day after adding were sampled. Only intestinal, lung, tracheal and spleen samples were taken from contact birds. Ten percent tissue suspensions in 0.9% NaCl and aliquots were prepared for virus isolation in chicken embryos.
Group D: Ten infected chickens were housed in separate cages and served as positive controls of viral infection with A/common gull/Chany/2006 (H5N1). Chickens were observed over 10 days and swabs from the cage were taken.
Necropsy and histological analyses: Birds were examined for gross lesions at necropsy and sections of brain, lung, heart, liver, pancreas, and intestine were collected for histopathology. Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 3 to 5 µm, stained with methyl green-pyronin stain (for detection of plasma cells), Perls prussian blue stain (for detection of hemosiderosis), and hematoxylin and eosin stain, and examined by light microscopy.
Virus isolation and serologic assay
Oropharyngeal and cloacal swabs and tissue suspensions were stored at −70 o C after collection until virus isolation and titrations were performed. Virus isolation from tissues was performed in 9-day-old ECE using previously described procedures [32, 39] . Positive samples were also titrated in 9-day-old ECE. Viral titers were expressed as median egg infectious doses (EID50)/mL. The minimal detectable limit of this assay was 10 1.7 EID 50 /mL. Oropharyngeal and cloacal washes were examined by real-time RT-PCR only.
Sera was analyzed for the presence of antibodies by a hemagglutination inhibition (HI) assay using goose and horse erythrocytes as described earlier [32, 39] . The A/common gull/Chany/P/2006 virus treated with Betapropiolacton (BPL) according to the protocol was used as an antigen. Before use, sera were treated with receptor destroying enzyme (RDE) according to the protocol [32] .
RNA extraction and real-time RT-PCR
Viral RNA was extracted from cloacal and oropharyngeal swabs using Ribo-sorb Kit (SRC SC, Russia) according to the manufacturer's protocols. Tissue samples were macerated in viral transport media and viral RNA was extracted as previously described. Real-time RT-PCR was then performed using published procedures for the detection of H5 influenza isolates [14] . Real-time RT-PCR assays were conducted using reagents provided in the AmpliSense Influenza virus A H5N1-FL AI Viral RNA Isolation kit (SRC SC) on a Rotor-Gene 6000 thermal cycler (Corbett Research, Australia). For each run, samples were prepared and processed in parallel with several negative and positive control samples. Quantification of viral shedding of the H5N1 subtype was performed by comparing C t values of swab samples with standard curves generated for viral RNA extracted from the initial virus stock.
Results
Morbidity, mortality, and gross lesions
Diarrhea, an increase of the amount of mucus in the pharynx, and conjunctivitis were observed in virus-inoculated gulls starting at 2 DPI. Behavioral changes, including lethargy and dysorexia, were observed on 3 and 4 DPI. Bird A7 died on day 6 with neurological signs including twitching of the head and falling on the side. Two birds were recumbent, had shortness of breath, anorexia, and severe catarrhal conjunctivitis, and died on 8 DPI. Necropsy revealed emaciation and pneumonia. Birds A4 and A6 showed similar signs of disease, including severe shortness of breath and neurological signs (turning on the side). These birds had a significant reduction in weight, cyanotic throat, the head turned on the side, and incoordination and were therefore euthanized and counted as dead on 18 DPI. Gull A2 showed no significant signs of disease and appeared to be recovering, but at 20 DPI its condition became worse, its head turned to the side, and it developed incoordination; therefore, it was euthanized and counted as dead on 21 DPI. Virus was not detected in the tissues of these birds at this time point. From 10 DPI, all remaining inoculated gulls became visibly active and gained appetite.
No behavioral changes or disease manifestations were observed in contact gulls of group C. As stated above, 6 out of the 12 infected common gulls of group A died (50%). None of the co-housed gulls of group C died during the experiment. As expected, 100% of the positive-control chickens (group D) became sick and died between 4 and 7 dpi (Fig. 1 ). There were small petechial hemorrhages on the legs of one chicken and diarrhea became more severe in chickens on day 2. Additionally, there was cyanosis of the comb/wattles, and legs, anorexia, pale-colored spleen at necropsy and parenchymal viscera filled with blood when examined on day 3. Later, hemorrhages on the legs and comb and wattles became larger. At necropsy, the following changes were noted: bleeding in the liver, clouding in the pericardium, foci of inflammation in the edematous pancreas, ventriculi with a high content of mucus and bile, swelling on the border between proventriculus and ventriculus, serous inflammation of the intestine and colliquation of the intestinal mucosa. Viruses were found in tissues from three gulls (A7, A9, A11) that died during the observation period, but were not isolated from gulls A2, A4 and A6, which also died. Viral titers were expressed as a common logarithm of median egg infectious doses in 1 mL (lg EID 50 /100 L) of 10% tissue sample suspension.
The influenza virus was found in several tissues from infected gulls euthanized at 2, 4, 6 and 8 DPI, which is suggestive of generalized infection. The virus was isolated at high titers from the brain starting from day 4, and was detected in the brain up to 6 DPI. Most commonly, the virus was detected in the lungs, abdominal air sac and mucosa of the nasal cavity. Except for detection of viruses in the lungs of one bird on 8 DPI, it was detected in parenchymal organs of live birds for up to 6 days after infection. The virus was rarely found in tissues of the digestive system, and was only found at 2 DPI in the small intestine. Additionally, the virus was found more often in the large than in the small intestine. At 14 and 28 DPI, the virus was not detected in tissues of dead or euthanized birds. The virus was also not found in tissue samples collected on 28 DPI from birds of group C.
The data presented in Table 1 suggest that the virus was consistently isolated in high titers from the oropharynx during the first 5 DPI, and during the first 8 DPI in some birds. At the same time, the virus was detected sporadically and in lower titers in cloacal swabs. In oropharyngeal swabs, the viral RNA was detected by real-time RT-PCR at up to 25 DPI. These data confirm the results of our previous study [40] .
The virus was also detected in swabs in group C. The virus was found in oropharyngeal swabs from two in contact birds as early as one day post exposure (DPE); however, at 6 DPE, simultaneously with the appearance in cloacal swabs, the virus was also found in a third bird. In group A, the virus was detected in oropharyngeal swabs in higher titers than in cloacal swabs ( Table 2 ). These findings suggest that A/common gull/Chany/ 2006 (H5N1) influenza virus strain can travel via contact transmission between infected and naive gulls placed in direct contact. 
Serology
Serum collected from all infected gulls in group A at 7, 14 and 21 DPI showed hemagglutination inhibition, indicating the appearance of antibodies to influenza HA viral antigens at 7 DPI, with a maximum titer at 14 DPI (Table 3) . One common gull (A5) did not have antibodies until 28 DPI. Antibodies in the serum of inoculated gulls started to appear at 7 DPI in titers of 1：80 (in one of two gulls euthanized for sampling). On day 7, the antibodies were detected in 11 of 14 gulls with a geometric mean titer of 1：124.35 (range, 1：40-640). On day 14, the geometric mean titer was 1:304.54 (range, 1：80-640) and the antibodies were found in 14 of 15 gulls. On day 21, the titers decreased to the geometric mean of 242.51 (range, 1：80-640) in 10 of 12 gulls (group A).
Gross pathology
Microscopic lesions in the euthanized gulls were less necrotizing and more inflammatory than in the birds that died during the study. Sixteen infected common gulls (group B) and two controls were examined at necropsy. The controls had greater amounts of subcutaneous and mesenteric fat than most of the birds that succumbed to infection. The fat reserves in infected gulls were minimal at 4-6 DPI. The most prominent histologic lesions in the infected common gulls were observed in the brain, lungs, pancreas, heart and liver. Examination of the hematoxylin and eosin (HE)-stained sections of the brain revealed damage to the choroid plexus (part of the blood-brain barrier) and ependymal neuroglia at 2-4 DPI, hemorrhages at 2 and 5 DPI, and mild lymphoplasmacytic encephalitis and perivascular cuffing at 4-8 DPI. After 8 DPI, we observed a decrease in histologic lesions in the brain. Examination of methyl green-pyronin (MGP) stained sections of the brain revealed a 10-fold increase of plasma cell number in the brain at 5-8 DPI (panels A-C in Fig. 2) . Examination of HE-stained sections of the liver revealed hemorrhages in the parenchyma at 4-8 DPI (panel A in Fig. 3 ) and multifocal foci of a lymphocytic hepatitis from 2 to 28 DPI (panel B in Fig. 3 ). Perls prussian blue-stained sections revealed hemosiderosis in the liver at 4-8 DPI (panel C in Fig. 3) . Examination of HE-stained sections of lung revealed hemorrhages in the lumen of parabronchi at 2-4 DPI (panel A in Fig. 4) , interstitial pneumonia at 4-8 DPI (panel B in Fig. 4) and destruction of the bronchus mucous membrane at 4-6 DPI. However, the histologic lesions disappeared by 8-14 DPI. At 18-28 DPI, we detected secondary bacterial interstitial pneumonia (panel C in Fig. 4) . Examination of HE-stained sections of heart revealed mild lymphocytic myocarditis (panel A in Fig. 5 ) at 4-8 DPI. However, after 8 DPI, we detected a decrease in histologic lesions in the heart. Based on MGP-stained sections, we also observed a 15-fold increase of plasma cell number in the heart at 6-8 DPI.
In addition to the described lesions, at 2-4 DPI, infected gulls had moderate to marked multifocal to confluent necrotizing pancreatitis (panel B in Fig. 5 ) that was accompanied by heterolymphoplasmacytic serositis at 6-21 DPI (panel C in Fig.  5) . No inflammation or necrosis was observed in HE-stained sections of the small intestine.
Discussion
The representatives of Charadriiformes, particularly those belonging to the Laridae family, play an important role in the ecology of influenza A viruses. Influenza viruses of H16 and H13 subtypes have been shown to be mostly gull-specific (order Charadriiformes) [8] . However, other avian H1, H2, H4, H6, H9, and H11 subtypes have also been isolated from different gulls sporadically. Numerous viruses isolated from gulls and shorebirds have been studied in Russia, including H5N1, H6N1, H11N8, H13N6, H13N2, H13N8 and H16N3 subtypes [19, 25, 29, 30] . Fourteen isolates of influenza A viruses of four different subtypes were obtained from wild birds belonging to the Laridae family in the territory of the Russian Far East Region, suggesting that gulls are a natural reservoir for influenza viruses [25] . The susceptibility of Laridae to influenza A virus has been shown in a number of studies [3] [4] [5] 24] . In addition, gulls involved in H5N1 outbreak with gull-specific viruses can take part in reassortment events that lead to the appearance of novel pathogenic variants [34, 35] . The common gull is a widespread species of wild bird capable of long-term migrations and having close contact with many wild bird and poultry species [27] . This is one of the few studies to investigate experimental infection of European/Eurasian gull species using highly pathogenic influenza H5N1 virus [3] [4] [5] 10, 11, 15, 24] . In this study, we concentrated on different widespread Siberian species, the common gull and the H5N1 virus previously isolated from this species. This model was selected because common gulls (Larus canus) are one of the most numerous species of gulls in Eurasia and have extended habitats. Moreover, in 2006, a H5N1 HPAIV, A/common gull/Chany/P/2006, was isolated from a clinically healthy common gull in Russia [27] . We suggested that this species could play an active role in H5N1 spread during 2005-2009 
epizootics in Russia.
A number of factors have to be considered when evaluating the risk of transportation and H5N1 HPAIV transmission with gulls in Eurasia and the virus spread across the continent. In our studies, we attempted to reproduce natural infection of wild birds of aquatic and semi-aquatic origin through application of the virus via mucosae of the nasal passage, conjunctiva and mouth cavity. The A/common gull/Chany/Р/2006 (H5N1) HPAI virus was isolated from Larus canus without visible signs of infection. Thus, reproduction of infection in the natural host is of the utmost interest. A high degree of susceptibility of this species to the investigated strain of influenza virus was demonstrated [40] . However, during epizootics in wild birds, die-off of Laridae was also observed; therefore, we used a higher dose of the virus in the present study to see if we could reproduce this effect.
It is well known that birds of Laridae family can eat carrion and obtain a high dose of virus with their feed through the consumption of dead birds when the epizootics occur [4, 5] . In the present study, we used a dose of 10 7 EID 50 . Six of twelve infected gulls (50%) died in response to treatment with this dose. The death of birds occurred from 6 DPI and the specificity of deaths was confirmed up to 8 DPI (three of the dead birds died during the first 8 days and the virus was found in the tissues). However, the death of birds during the early stages after infection was probably caused by heart and lung damage as evidenced by serious changes revealed during histological evaluation.
The virus was not found in tissues of birds that died during later periods, suggesting that birds died as a result of bacterial co-infection (bacterial interstitial pneumonia was found in three birds), or that the influenza virus induced irreversible visceral changes that disturbed organ function and caused emaciation.
Our results show that the most apparent microscopic lesions observed in infected common gulls in this study were necrosis of the pancreas, mild encephalitis, mild myocarditis, liver parenchymal hemorrhages, multifocal foci of a lymphocytic hepatitis, parabronchi lumen hemorrhages and interstitial pneumonia. This finding is especially intriguing because these HPAI viruses-induced lesions have been demonstrated in multiple avian species and in response to various HPAI viruses [1, 8, 18, 24, 30, 34, 35] . We detected virus by isolation in the cerebrum, cerebellum, nasal septum, lung, abdominal air sac, trachea, esophagus, liver, heart, kidney, spleen, bursal sac and colon of infected gulls at 2-8 DPI. These findings illustrate that A/common gull/Chany/2006 (H5N1) strain can cause generalized infection in gulls. The isolation of H5N1 virus from oropharyngeal and cloacal swabs over 25 days indicates that replication of the investigated virus also likely occurred within the upper respiratory and enteric tracts.
More continuous and stable viral shedding in high titers (during 5 days and up to 8 days in certain birds) was registered in oropharyngeal swabs, probably because of the higher infectious dose applied. However, in cloaca, the virus was detected sporadically and in lower concentrations. In oropharyngeal swabs, the virus was found for up to 25 days inclusive (the period of observation was 28 days). Thus, infected gulls in our experiment shed a significant amount of virus through the oropharynx and a much lesser amount through the cloaca. These findings are consistent with data from studies of other wild bird species [4] [5] [6] 11, 25] . Thus, infected common gulls can pose a significant risk of H5N1 HPAIV transmission to other wild migratory waterfowl and pose a risk to other, more susceptible species.
The results of the current study showed that all gulls added into cages became infected. In addition, virus shedding from the oropharynx occurred as early as the first day after addition into the cage. These findings suggest that common gulls can actively participate in the spread of highly pathogenic avian influenza virus during migration. If an infected bird survives and sheds virus it means that, in large populations of migratory gulls, a significant number of infected birds have the potential to spread viruses across Eurasia and other continents. Thus, it is important to determine if infected common gulls can migrate after infection with H5N1 HPAIV, and if so, how far. Infected gulls may still be able to fly and could therefore spread the virus during viral shedding; however, additional studies are needed confirm this.
The results of this study will enable investigation of the role of other gull species. Studies to identify the level and duration of viral shedding, mechanisms of transmission, survival, and, eventually, the potential risk of influenza infection in these important species are critical. Cases of influenza H5N1 are regularly reported in animals, particularly in birds of the Laridae family, which makes further investigation of the gull's role in influenza A virus ecology a problem of current concern. Additional studies are needed to further evaluate the susceptibility of other gull species and other birds to different strains of avian influenza H5N1 virus.
